A number of different dehydrogenases have been shown to bind to Sepharose-bound N6-(6-aminohexyl)-AMP. These dehydrogenases can be specifically eluted by binary adducts of NAD+ or with cofactor gradients. In such manner pure enzymes can be obtained from crude extracts, as demonstrated in the purification on a preparative scale of lactate dehydrogenase from dogfish muscle. The data presented indicate the usefulness of general ligands as affinity agents. The techniques are particularly adaptable for the isolation of human mutant enzymes in blood or in the purification and concentration of enzymes present at low levels in fluids or tissues, as shown in the extensive purification of serum lactate dehydrogenase and glucose 6-phosphate dehydrogenase from hemolysate. lsoenzymes with different affinities for coenzymes can be separated by affinity techniques. Application of affinity techniques may lead to the separation of isoenzymes or mutant enzymes that are not separable by electrophoretic methods.
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During the past few years, great interest has been focused on the development of affinity chromatography procedures for the purification of enzymes. The various approaches have recently been reviewed by Cuatrecasas (1) , Porath and Kristiansen (2) , and the techniques relevant to this paper by Mosbach (3) . The advent of affinity techniques has marked a new era in enzymology by giving a rational approach for the purification of enzymes as well as in making possible the purification of enzymes that previously were not obtainable because of their low concentrations or stability characteristics.
In general, the purification of enzymes by affinity chromatography involves the coupling of a ligand to an insoluble matrix that can then selectively adsorb a given enzyme from a crude extract. In most cases the bound enzyme is subsequently eluted by a ligand that competes with the bound ligand, with high concentrations of salt, or with a shift in pH.
One of the advantages of affinity chromatography is that it may allow for the purification of a whole class of enzymes having common reactants on a single affinity column. For such a procedure to be successful, a "general" ligand must be used which will be able to interact with a group of enzymes.
It is essential that the general ligand have a relatively weak affinity for the various enzymes so that they can be eluted with appropriately stronger binding ligands.
This "general-ligand" approach (4) was first applied for pyridine nucleotide-linked dehydrogenases and related enzymes, using NO-(6-aminohexyl)-AMP; this analog of AMP, when covalently attached through its terminal amino group to Sepharose, has been found to bind several different dehydrogenases which could then be eluted with NAD+, NADH, or ternary complexes.
We report in the present communication how reduced NAD adducts (5), as well as agents that lead to abortive dead-end complexes, can be used to selectively separate dehydrogenases from the AMP-analog column. We demonstrate how this technique can be successfully applied for the rapid purification of dehydrogenases, including one example on a preparative scale. We will also discuss the potential of affinity chromatography techniques in detecting multiple forms of enzymes as well as enzyme variants.
MATERIALS AND METHODS
Chicken heart lactate dehydrogenase (EC 1.1.1.27; Llactate:NAD+ oxidoreductase; LDH) and malate dehydrogenase (EC 1.1.1.37; L-malate: NAD + oxidoreductase; MDH) from chicken heart mitochondria were prepared by the procedure outlined by Pesce et al. (6) adduct only binds to lactate dehydrogenase, whereas the reduced NAD oxaloacetate adduct specifically inhibits malate dehydrogenases. The structures of these two reduced adducts are given in Fig. 1 . A similar specificity for a reduced adduct was found for other dehydrogenases as well. The reduced adducts, therefore, appear to be ideally suited for the resolution of a mixture of pyridine nucleotide-linked dehydrogenases.
In order to test this hypothesis, purified chicken Ho LDH was applied to the AMP-analog Sepharose column, which was equilibrated in 0.1 M phosphate buffer, pH 7.5. The enzyme could be completely eluted from the column with 0.12 mM reduced NAD-pyruvate adduct, whereas the reduced NADoxaloacetate adduct was ineffective in eluting this enzyme.
Alcohol dehydrogenase from horse liver is successfully and specifically eluted from the AMP-analog Sepharose column with 0.12 mM reduced NAD-acetaldehyde adduct. This adduct is, however, somewhat unstable, and it is therefore difficult to prepare it in a pure form. This fact makes the reduced NAD-acetaldehyde adduct somewhat less attractive to use as an eluent.
Various dehydrogenases are capable of forming tightly bound dead-end ternary complexes with NAD+ and' their oxidized substrates or substrate analogs (10) . Thus, LDH forms a dead-end complex with NAD+ and pyruvate, and ADH reacts with NAD+ and hydroxylamine in a similar manner (11) . The formation of dead-end complexes has previously been used for the elution of ox heart LDIH and yeast ADH from the AMP-analog Sepharose column (12) . We found that liver ADH may be rapidly and quantitatively eluted from the AMP-analog Sepharose column with a mixture of 0.5 mM NAD4 and 3 mM hydroxylamine in 0.1 M phosphate buffer, pH 7.5.
Resolution of LDH, MDH, and ADH from the NO-(6-aminohexyl)-AMP-Sepharose Affinity Column. Samples of the three enzymes, LDH, MDH, and ADH, were mixed and diluted with 0.1 M phosphate buffer, pH 7.5. In a 5-.ul sample, the activity of each of the three enzymes in the mixture was found to be equivalent to a change in absorbance of 0.150, 0.050, and 0.050 unit/min, respectively, under standard assay conditions. A 0.5-ml sample of the mixture of the three enzymes was applied to the AMP-analog Sepharose column that had been previously equilibrated with 0.1 M phosphate buffer, pH 7.5, at 40, and the remainder of the enzyme mixture was stored at 4°. The column was about 4.0 X 1.2 cm in size.
Phosphate buffer (0.1 M), pH 7.5, was then pumped through the column at a rate of 14-20 ml/hr. Fractions were'collected every 10 min and assayed for the presence of any of the three enzymes. As is illustrated in Fig. 2 After sufficient buffer was pumped through the column to remove any nonadsorbed protein, the column was eluted with a freshly prepared solution of 0.12 mM reduced NADoxaloacetate adduct at a rate of 15-20 mul/hr. The collected fractions were assayed for the presence of all three enzymes. MDH was found to be eluted as a Sharp peak with almost all of the activity being present in three fractions. No LDH or ADH activity could be detected in these fractions.
The alcohol dehydrogenase was subsequently eluted from the column with a mixture of 3 mM hydroxylamine and Q.5 mM NAD+ in phosphate buffer. The enzyme was eluted as a sharp peak - (Fig. 2) Since the fractions that contained the separated enzymes also contained the inhibiting compounds that were used for the elution of the enzymes, it was necessary to dialyze these fractions before an estimate of the total recovery could be made. In our experiment, all three enzymes were recovered in almost quantitative yields (>90%).
These results show that a mixture of LDH, MDH, and ADH may be effectively resolved by biospecific elution from an affinity column that contains a general ligand. The (Fig. 3) . Those fractions containing enzymatic activity were pooled and concentrated in a Diaflow cell, with a PM-50 filter. Removal of the reduced pyridine nucleotide adduct by chromatography on a Sephadex G-200 column (21.0 X 2.5 cm) yields an enzyme that has a specific activity of 696 units/mg (Fig. 4) . This enzyme crystallizes readily. The specific activity is equivalent to the specific activity of crystalline dogfish LDH obtained by the previously used more lengthy purification procedure (13) , which involves ammonium sulfate fractionation, DEAE-cellulose chromatography, and multiple reqrystallizations after carboxymethyl-cellulose chromatography. The yield varies from 20 to 40%, with the longer procedure, whereas the yield was better than 90% with affinity chromatography. The aminoacid composition of the dogfish LDH eluted from the AMPanalog Sepharose column corresponds to that of homogeneous crystalline dogfish M4 LDH. An analysis of the capacity of the column, as well as the yield obtained during the purification and changes in specific activity, are presented in Table 1 . Purification of Transhydrogenase from Pseudomonas aeruginosa. Two grams of Pseudomonas cells were sonicated in 5 ml of 0.1 M phosphate buffer, pH 7.5, containing 0.1 M mercaptoethanol and 1 mM EDTA. The specific activity of the crude sonicated extract was 0.18 units/mg. The extract was applied to an AMP-analog Sepharose column, the column was extensively washed with buffer, and the transhydrogenase was eluted from the column with 5 mM NADH in buffer. The enzyme was recovered with a 90% yield (see Table 2 ) and a 314-fold purification. Since the enzyme has a very high molecular weight, a subsequent chromatography of the enzyme over Sephadex G-200 yielded the pure enzyme with an overall yield of 65% and a 1680-fold purification. The conventional purification procedure for this-enzyme involves eight steps, and only 15% of the original amount of enzyme is recovered (14) .
Other Uses of Affinity Columns. One of the striking features of affinity chromatography is allowing for the purification of an enzyme (protein) that is present in very small concentrations in a tissue or a body fluid. This is illustrated in Table 3 . Serum LDH can be adsorbed on the AMP-analog Sepharose column, and after extraneous protein is washed off with buffer, the enzyme can be eluted from the column using the pyruvate adduct with almost full recovery. The-purification of the LDH by this procedure is about 17,000fold and can be as high as 100,000-fold. This type of experiment suggests that through the use of affinity techniques, enzymes (proteins) present in very low concentrations can be purified from tissues as well as from body fluids.
Another example of the effectiveness of affinity techniques is given in Table 4 , which demonstrates that glucose-6-phosphate dehydrogenase can be effectively purified'from human erythroeyte hemolysates. The enzyme is bound to a NADP+-Sepharose column and eluted with a gradient of NADP+ (0-0.2 mM) in 0.1 M phosphate buffer, pH 7.4. This results in a purification of 4500-fold with about a 50% yield. The enzyme can be further purified about seven times with the use 17,000* * This is a minimal value, since peak tubes have shown an increase in purification well over 100,000-fold. The studies reported in this paper have been done with the 6-substituted hexylamine AMP derivative. This ligand is an effective one, but recent work in one of our laboratories (17) with 8-substituted AMP derivatives has indicated that the substitution at the 8 position has been effective in "catching" certain pyridine nucleotide-linked enzymes for which the 6-substituted column was ineffective. Further, an 8-substituted NAD+ derivative (17) as well as a 6-substituted NAD+ (18) have recently been synthesized and appear to be promising ligands. Studies involved in the modifications of the pyridine nucleotides or their derivatives may give special and more effective affinity characteristics for dehydrogenases.
